The cost of battery-based energy storage has declined dramatically in recent years, presenting an opportunity for energy storage to perform functions currently met by conventional generators that serve peak electricity demand. Peaking capacity represents a large potential market for energy storage. However, the technical and economic limits to the amount of energy storage that could be deployed as peaking capacity are poorly understood. The use of storage can change the "shape" of the peak demand period, potentially requiring each incremental unit of storage to provide more stored energy than was provided by the previous unit. Clarifying the uncertainties surrounding the use of energy storage as a peaking resource is important because various U.S. stakeholders are making policy and investment decisions about energy storage's role in electricity systems based on limited knowledge.
Executive Summary
The cost of battery-based energy storage has declined dramatically in recent years, presenting an opportunity for energy storage to perform functions currently met by conventional generators that serve peak electricity demand. Peaking capacity represents a large potential market for energy storage. However, the technical and economic limits to the amount of energy storage that could be deployed as peaking capacity are poorly understood. The use of storage can change the "shape" of the peak demand period, potentially requiring each incremental unit of storage to provide more stored energy than was provided by the previous unit. Clarifying the uncertainties surrounding the use of energy storage as a peaking resource is important because various U.S. stakeholders are making policy and investment decisions about energy storage's role in electricity systems based on limited knowledge.
The rapidly falling costs and rapidly increasing deployment of solar photovoltaic (PV) technologies further complicate the analysis of energy storage's technical potential and economic value. As the amount of electricity provided by PV becomes significant-as it has in California-the shape of the net electricity demand changes, which affects the ability of storage to provide peaking capacity.
1 Yet the interactions between high PV penetrations and energy storage are also poorly understood.
In this report, we examine the potential for replacing conventional peaking capacity in California with energy storage, including analysis of the changing technical potential with increased storage deployment and the effect of PV deployment. We examine nine years of historic load data, a range of storage durations (2-8 hours), and a range of PV penetration levels (0%-30%). Our analysis provides timely information to California's nation-leading energy storage and PV deployment efforts, while increasing the knowledge base available to system planners in all states and regions that might consider deploying substantial amounts of storage, PV, or both.
We explore a variety of storage durations, but focus on 4-hour storage, based on the California Public Utilities Commission's "4-hour rule"-which credits storage that can operate for 4 or more consecutive hours at maximum power output with full resource adequacy credit. Based on 9 years of historic load data, we conservatively estimate that the 4-hour rule would be limited to about 3,000 MW (assuming a 2020 peak demand of 54 GW). This means that beyond this point, the ability of an incremental unit of 4-hour storage to reduce peak demand would drop considerably, even assuming optimal storage dispatch. This idealized no-PV analysis provides a baseline for comparing our more realistic analysis of energy storage's potential in the presence of PV deployment.
Adding PV affects the technical potential of energy storage to meet peak demand in two ways, depending on the amount of PV deployed. Figure ES -1 plots the capacity of 4-hour storage that can provide a 100% peak demand reduction credit versus PV penetration. Under conservative assumptions, when the PV penetration is lower than about 11% (on an energy basis), the potential of 4-hour storage is lower than it would be with zero PV, because that amount of PV flattens the net load shape. However, beyond about 11% PV penetration, PV creates a "peakier" net load shape that increases the potential of 4-hour storage. California already has enough PV to meet more than 11% of annual demand, so it has reached the point at which PV increases energy storage's potential. We estimate that if California achieves 17% PV penetration in 2020, the amount of storage that can provide full capacity under the 4-hour rule more than doubles compared with the no-PV case-to about 7,000 MW. The potential of energy storage continues to increase with increasing PV penetration, although at a lower rate.
These results demonstrate a synergistic relationship between energy storage deployment and PV deployment. As PV penetration increases beyond 11%, additional PV enables the use of additional shorter-duration/lower-cost energy storage. At the same time, additional energy storage can capture more otherwise-curtailed PV generation and discharge it later as needed by the system. viii This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications. 
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Introduction
The cost of battery-based energy storage has declined dramatically in recent years (Schmidt et al. 2017) , presenting an opportunity for energy storage to perform functions currently met by conventional generators that serve peak electricity demand. However, batteries and traditional peaking generators have very different operating characteristics. A gas turbine can run continuously for hours or days, whereas batteries typically must be recharged after a few hours of discharge. 2 Thus, if batteries are to function effectively as a peaking resource, they must be able to store adequate energy and be dispatched appropriately during periods of peak demand.
Assessing the technical and economic limits to the amount of energy storage that could be deployed as peaking capacity also requires analyzing how storage changes the "shape" of the peak demand period. This interaction means that each incremental unit of storage needs to provide more stored energy than was provided by the previous unit. Thus, the contribution of additional units of energy storage towards resource adequacy will eventually decline, meaning at some point compensation for energy storage providing peaking capacity should decline as well. Clarifying these uncertainties as soon as possible could be important, because various U.S. stakeholders are making policy and investment decisions about energy storage's role in electricity systems based on limited knowledge.
The rapidly falling costs and rapidly increasing deployment of solar photovoltaic (PV) technologies (Haegel et al. 2017) further complicate the analysis of energy storage's potential. As the amount of electricity provided by PV becomes significant-as it has in California-the shape of the net electricity demand changes, which affects the ability of storage to provide peaking capacity.
3 Yet the interactions between high PV penetrations and energy storage are also poorly understood.
In this report, we examine the potential for storage to serve peak electricity demand in California, including analysis of how the potential changes with increased storage and PV deployment. We examine nine years of historic load data, a range of storage durations (2-8 hours), and a range of PV penetration levels (0%-30%).
The intent of our analysis is to provide timely information to California's energy storage and PV deployment efforts, while increasing the knowledge base available to system planners in all states and regions that might consider deploying substantial amounts of storage, PV, or both. California is the U.S. leader in deployment of both energy storage and PV. It has mandated increasing deployment of storage (CPUC 2013) and variable generation resources such as wind and solar (Green and Crume 2017) . It has also proposed additional measures to require "clean" resources to meet peak demand, which could further incentivize energy storage development (Nese et al. 2017) . In addition, it is a leader in developing policies related to the ability of storage to meet peak demand. The California Public Utilities Commission (CPUC) credits 4-hourcapacity storage with the ability to provide reliable peak capacity. However, as additional storage and PV are deployed, the changing shape of the net-demand curve could affect the ability of 4-hour storage to meet peak demand reliably.
The remainder of this report is structured as follows. Section 2 discusses the size of the peakcapacity market. Section 3 describes the need to analyze energy storage's ability to meet peak demand under increasing storage and PV penetrations. Section 4 presents our analytical methods. Section 5 shows our results for a "no PV" scenario, which establishes a baseline for comparison. Section 6 shows our results under increasing PV penetrations. Section 7 offers observations and conclusions and discusses needs for additional analysis.
The Potential Market for Peaking Capacity
In recent years, a large fraction of utility-scale storage has been deployed to provide ancillary services, including frequency regulation (DOE 2017) . Frequency regulation-often referred to as simply "regulation" (EPRI 2016a)-requires generators to change output rapidly in response to relatively small unscheduled variations in electricity demand (Xu et al. 2016) . Because of high utilization and limited duration requirements (typically 30 minutes or less), regulation has been a cost-effective entry point for energy storage (Xu et al. 2016) . However, this market is relatively small compared with the markets for other grid services. In the California Independent System Operator (CAISO) market, which manages about 80% of California's electricity demand (FERC 2015) , the average upward regulation market requirement in 2016 was 412 MW of supply, compared with an average hourly energy demand in 2016 of 26,047 MW and a peak demand of 46,232 MW (CAISO 2017a).
Peaking capacity represents a much larger potential market for energy storage. Peaking capacity historically has been provided by a combination of simple-cycle gas turbines, gas-and oil-fired steam plants, and reciprocating engines using gas or liquid fuels (FERC 2015) . To a lesser extent, pumped hydro storage plants-typically with more than 8 hours of capacity-are used to meet peak demand (DOE 2017) , and early deployments of battery storage for meeting peak demand are occurring (Cardwell and Krauss 2017) . However, the conventional generators providing most U.S. peak capacity today are aging, and future retirements will provide opportunities for substantial battery storage to enter this market. California currently has about 20.8 GW of peaking generation capacity (EIA 2017) , consisting of 272 internal-combustion, simple-cycle, and steam-turbine generators fired by liquid or gaseous fossil fuels. 4 The installation dates for this peaking capacity are shown in Figure 1a , and the calculated cumulative capacity at various ages is shown in Figure 1b Assuming the existing generation fleet has the same retirement characteristics as the historic fleet, we would expect about 13 GW of peaking capacity in California to retire over the next 20 4 To identify purely peaking capacity, we use the 2015 U.S. Energy Information Administration Form 860 database and restrict our data set to those generation types listed above. We also exclude any cogeneration facilities. 5 As of summer 2017. 
The Need to Analyze Energy Storage's Capacity Credit under Increasing Storage and PV Penetration
To provide reliable peaking capacity, energy storage must have a high "capacity credit," which reflects the ability of a resource to provide energy during periods of peak demand (Keane et al. 2011) . 7 To achieve a 100% capacity credit, a storage device must have sufficient duration (hours of discharge at full capacity) to carry it through the period of peak electricity demand, which is driven by the shape of the net demand curve. Historically, utilities have assigned a high capacity credit to pumped hydro storage plants, which typically have 8 or more hours of storage duration (EPRI 1976) ; this makes intuitive sense, because the period of peak demand is typically less than 8 hours in duration (see Section 4). However, we can find little rigorous analysis of the capacity credit of energy storage. It is less obvious whether batteries with less than 8 hours of duration could meet peak demand. It is also unclear what the "threshold" storage duration for full capacity credit might be, or how shorter-duration storage might be "derated" to the appropriate capacity credit.
Studies on the capacity credit of storage are lacking for a few reasons. First, deployments of shorter duration storage for peaking capacity to date have been limited, reducing the need for rigorous analysis. In addition, the lack of storage capacity credit analysis might be due to the difficulty of accurately modeling storage dispatch and limited availability of appropriate analytic tools.
A survey of the literature identified only a few estimates of the capacity credit of storage in California, including estimates in Sioshansi et al. (2014) and Alvarez et al. (2017) . 8 Sioshansi et al. (2014) include estimates of capacity credit as a function of storage duration, which are summarized as the blue curve in Figure 2 . This curve represents the average of estimates from an analysis of two regions in California using multiple years of historic price and load data. The black curve in Figure 2 ("CPUC 4-hour rule") is based on resource adequacy rules for California's investor-owned utilities (CPUC 2017a). These rules require load-serving entities under CPUC jurisdiction to procure sufficient capacity to meet peak demand (Chow and Brant 2017) . 9 Current rules state that, for storage to be eligible, it must have "the ability to operate for at least four consecutive hours at maximum power output" (CPUC 2014) . 10 To create the capacity credit curve under this assumption, we divide the number of hours of energy by 4 for devices with less than 4 hours of capacity; for example, a 2-hour storage device would need to 7 Technically, capacity credit is measured during the periods with the highest probability of generation being unable to meet demand. In practice, this corresponds highly to periods of peak demand, such as hot, summer afternoons in much of the U.S., including California (Madaeni et al. 2013) . 8 Estimates from other regions include Portland, Oregon (PGE 2016) and the Electric Reliability Council of Texas (Johal et al. 2016) . 9 EPRI (2016b) provides additional discussion of the CPUC resource adequacy requirements, with a particular focus on storage. 10 The 2018 Resource Adequacy Guide (CPUC 2017a) refers to "Appendix B of D.14-06-050" (which we cite as CPUC 2014) to determine qualifying capacity for energy storage. discharge at 50% of nameplate power capacity for 4 hours, resulting in a 50% capacity credit.
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For simplicity, we assume this rule is applied to the remainder of California in our study.
Figure 2. Capacity credit of storage as a function of hours of storage
Additional analysis is needed on the changing capacity credit of shorter-duration energy storage as a function of storage penetration in California. Of the 1,325 MW of capacity in the California storage mandate, a large fraction is expected to have 4 hours (or less) of duration, 12 and additional storage is expected from publicly owned utilities as well as behind-the-meter installations (Maloney 2017 , Walton 2016 . However, Sioshansi et al. (2014) only consider the addition of a relatively small amount of storage, and CPUC resource adequacy documents provide little discussion of the impact of increased storage deployment. Alvarez et al. (2017) provide one relevant estimate of storage's capacity credit with increasing storage penetration in California. They estimate that about 3,000 MW of storage with 4 hours of duration should provide about 100% capacity credit, with the capacity credit falling rapidly beyond about 6,000 MW.
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Clarifying the impact of California's increasing PV deployment on energy storage's capacity credit is also important. The capacity credit estimates in Sioshansi et al. (2014) are based on historic load data that do not consider the impact of variable generation on net load shape. However, other analyses have demonstrated that PV can change the net load shape and potentially increase storage's capacity credit or reduce the storage duration needed for full capacity credit (Perez et al. 2008 , Jorgenson et al. 2014 , Strategen Consulting 2017 . 11 The New York Independent System Operator also uses a "4-hour rule" for assessing the capacity credit of energy storage (Johal et al. 2016) . 12 For example, the CAISO 2014 Long-Term Procurement Plan assumes 551 MW of 2-hour storage and 551 MW of 4-hour storage (Eichman et al. 2015) . 13 Another example of a study that examines the capacity credit as a function of penetration is Shi and Luo (2017) , but this study does not calculate an estimate for California. Avg of California Results (Sioshansi et al. 2014) 
Analysis Method
We approximate the capacity credit of energy storage by evaluating the ability of energy storage to reduce the peak net demand for electricity. This is similar to the "capacity factor" approximation approach, in which the availability of a generator is determined during a limited number of hours of peak demand . This is also similar to evaluating energy storage's contribution to the planning reserve margin, which is typically assessed at the annual peak demand period.
Figure 3 provides an example of our method, showing the day of peak demand in California (September 6) using 2011 data with and without the addition of simulated storage. The storage is dispatched using a simple peak-shaving/valley-filling algorithm assuming perfect foresight of electricity demand and an 80% roundtrip (AC) efficiency. We incrementally add energy storage, assuming full discharge, and measure the effective reduction in net annual peak demand. We repeat this process until adding an incremental 1 MW of energy storage can no longer reduce the annual net demand by 1 MW owing to the limited energy capacity, measured by the "width" of the demand period. In Figure 3 , we have added 4,249 MW of storage with 4 hours of duration (or 16,996 MWh of stored energy). Up to this point, this storage capacity can reduce the annual peak demand by an amount equal to the rated capacity of the storage device (4,249 MW). Thus the 4-hour device could effectively contribute to the system planning reserve margin by an amount equal to the power rating of the device, effectively replacing 4,249 MW of conventional peaking capacity assuming perfect foresight of electricity demand. However, beyond this point, the width of the demand period is greater than 4 hours. At this point, the net peak demand is 48,292 MW from 1 pm to 7 pm, or about 6 hours in width. (The width at this point is greater than 4 hours because during the shoulders of the peak period the device discharges below its full capacity.) To reduce the peak demand further, the 4-hour device must discharge at less than its full rating for 6 hours, which produces an effective "peak demand reduction credit" of 4/6 or about 67%. If additional 4-hour storage were added, it would further increase the width of the net demand period, decreasing the incremental demand reduction credit and reducing its value to the system. This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications. Longer-duration storage can reduce peak net demand further, but there are limits. Figure 4 shows an example (on the same day as in Figure 3 ) with a storage duration of 8 hours. The net peak demand is reduced to the point where the load is almost completely flat over this 24-hour period. For storage to reduce the peak demand further, it would need to charge during a previous day, requiring much longer-duration storage and the ability to forecast net demand over extended periods. We repeat this process over a large range of storage power capacities, assuming fixed durations of 2, 4, 6, and 8 hours. Storage dispatch is simulated over all hours of the year 14 using the 14 Although we measure the peak demand relative to the hour of annual peak, we simulate all hours of the year, because the net peak demand can be shifted to other days owing to the impacts of storage and/or PV on net load. (FERC 2017) and CAISO websites. 16 We include the load from all California balancing area authorities.
17 Figure 5 provides an example of results using our approach with 2011 load data. Each point on the curve represents the peak demand reduction credit of an incremental unit of storage. The credit is shown as a percentage, meaning a 1-MW device would be expected to reduce the net peak demand by 1 MW at 100%, and by 0.5 MW at 50%. We also highlight two points in the figure. The point labeled "4-Hour Threshold" is the point at which the peak demand reduction credit for a 4-hour device falls to below 100% (at 4,249 MW), as illustrated in Figure 3 . The second point represents the 8-hour threshold (about 12,120 MW), as illustrated in Figure 4 . All the curves follow a downward trend, with a series of step functions representing the increase in width of the net demand shapes. Using shorter time intervals (i.e., subhourly) in our simulations would tend to smooth the curves, but the general shape would stay the same. Figure 5 also shows 100% values for a small amount of storage with 2 hours of capacity, in contrast to both the more detailed capacity credit analysis by Sioshansi et al. (2014) and the "4-hour rule" shown in Figure 2 . This difference is based on several factors. We assume that storage dispatch is based solely on reducing peak demand, whereas Sioshansi et al. (2014) dispatch storage based on electricity prices. Another factor is the uncertainty of peak demand periods. 15 The capacity credit of conventional thermal plants (assuming no restrictions on fuel availability) is typically determined by the plant outrage rate (Sioshansi et al. 2014) . A storage plant would similarly be "derated" by outages that occur during peak demand periods. 16 Because the System Advisor Model (used to generate PV performance data) does not allow for years with more than 365 days, leap days were removed from the load data. (Fig. 3) 8-Hour Threshold (Fig. 4) Although electricity demand forecasts are very accurate (Hodge et al. 2013 ), they are not perfect. As a mitigation against imperfect forecasts, a system planner might derate a shorter-duration storage device to ensure stored energy is available throughout the peak demand period. With these caveats in mind, we include the 2-hour case here for completeness. Figure 6 translates the data in Figure 5 into the net reduction in peak demand as a function of installed storage capacity. When the peak demand reduction credit is 100%, the curves have a linear relationship. As storage is added, at some point depending on the duration of the storage, this relationship exhibits diminishing returns. For example, as shown in the figure, it requires about 4 GW of 4-hour storage to reduce peak net demand by 4 GW. But to reduce peak net demand by another 4 GW requires an additional 9 GW of 4-hour storage. 
Results with No PV
In this section, we apply the approach described in Section 4 to calculate the marginal peak demand reduction credit for each unit of storage added to the system, assuming no PV on the system. We exclude PV from this initial analysis to establish a "base case." We examine the impact of adding PV to the system in Section 6.
When analyzing the capacity credit of wind and PV, it is important to use multiple years of data to account for interannual data variations (Gami et al. 2017) . Similarly, it is important to analyze multiple years of data for energy storage owing to interannual variations in demand patterns. Figure 7 shows peak demand reduction credit as a function of installed storage capacity for a 4-hour storage device using our full data set. The variations by year can be attributed to changes in load patterns and load growth. To be useful for future projections, as well as to compare the effectiveness of storage across years, we normalize the results by the annual peak demand in each year. The values on the horizontal axis are measured as a fraction of the annual peak, which is provided to the right of the legend. Figure 7 shows considerable variation from year to year. For example, using the 2009 data, we estimate that 4-hour storage could reduce the annual peak demand by about 9% before the threshold at which the 4-hour rule would be violated. Alternatively, using the 2014 data, we estimate that 4-hour storage could reduce the peak demand by only 5.4% before the 4-hour rule would be violated.
We use the results of this multiyear analysis to estimate the technical potential for storage to provide peaking capacity at 2, 4, 6 and 8 hours of storage duration, using a target year of 2020. To estimate this 2020 potential (measured in MW), we first take the lowest (most conservative) peak demand reduction credit values across all years (which approximates a 1-in-10 planning standard). 18 This means we use the lower bound of the curve in Figure 7 for a 4-hour device, and we repeat this analysis for devices with the other durations considered. We then multiply these values by the estimated peak demand in 2020 (about 54 GW) (NERC 2017) .
For example, in Figure 7 the peak demand reduction credit value falls below 100% when the storage capacity equals about 5.4% of annual peak, based on the worst case curve (2014) . Multiplying 54 GW by 5.4% equals about 3 GW. Thus, we would expect the 4-hour rule to begin to fail in California when about 3 GW of 4-hour storage are installed. Again, this comes with the critical caveat that zero PV capacity is assumed. Repeating this calculation for all points on the curves provides the technical potential for each level of storage duration in 2020 in units of capacity (MW). The results are shown in Figure 8 , where the horizontal axis represents the amount of installed storage capacity, and the vertical axis represents the incremental peak demand reduction credit at each level of storage capacity. Historically, the capacity credit of individual generation resources has been evaluated largely independently of other resources. The results in this section demonstrate the dependence of the incremental capacity credit of energy storage on existing storage capacity. In addition, these results are of limited use without considering the impact of PV deployment, evaluated in the following section.
18 For additional discussion of actual CPUC resource adequacy requirements, see CPUC (2017b) and CAISO (2017b). 
Results with PV
By the end of 2017, PV met an estimated 11.5% of electricity demand in California (CEC 2017b) , and continued growth of the state's solar generation is projected (GTM and SEIA 2017) . 19 This section evaluates the impact of varying levels of PV deployment on the net demand for electricity and the ability of 4-hour storage to meet peak net demand in California. We analyze only 4-hour storage devices in this section to follow the current focus on storage devices of this size in the CPUC 4-hour resource adequacy rule discussed in Section 3.
We add simulated PV production to historical loads to achieve annual PV energy penetrations in California of up to 30%. Generation of the hourly PV profiles requires two steps. First, the regional mix of installed PV is specified, including location, orientation, and type (rooftop, utility-scale, with and without tracking). The distribution of sites is directly from the Low Carbon Grid Study (Brinkman et al. 2016) ; it includes 246 locations throughout California and surrounding states, with 92% of the capacity deployed in California. We assume that 60% of the PV is utility-scale (with a 60%/40% split between tracking and fixed-tilt systems) and 40% is deployed on rooftops with a mix of orientations. Figure 9 shows the distribution of the PV capacity. Once the sites and PV types are established in each region, hourly generation profiles for 2007-2015 are created using the System Advisor Model (NREL 2016) , with resource data from the National Solar Radiation Database (Sengupta et al. 2015) . PV penetration is defined as annual PV generation (before curtailment) divided by annual electricity demand. At higher PV penetrations (particularly above 20%), there could be significant curtailment without the addition of flexibility measures such as energy storage (Denholm et al. 2015b ). We also assume there is adequate transmission capacity to avoid curtailment of PV during periods of high solar output. Figure 10 shows how increasing levels of PV (0%, 5%, 10%, 15%, and 20% of annual generation) change the net load shape on a peak demand day using 2011 measured load and simulated PV data on September 6. 20 At low penetration, PV reduces and flattens the peak demand. As PV penetration increases, PV's impact on reducing peak demand (MW) diminishes (Mills and Wiser 2013) , while it increases the "peakiness" (narrows the width) of the net peak demand. Using the net load shapes for various PV penetrations, we generate peak demand reduction curves using the same approach as in Section 5. An example using 2011 load and PV patterns assuming 4-hour storage is shown in Figure 11 , which provides the peak demand reduction credit for storage with zero to 30% PV in 2% increments. It shows a significant impact of PV penetration on the storage threshold, i.e., where the peak demand reduction credit for 4-hour storage begins to fall below 100%. At PV penetrations below about 9%, the threshold is less than the zero PV case (curves are shifted to the left). Above about 9% PV penetration, the threshold is greater than the zero PV case, continuing to increase out to our 30% PV case. 20 The electricity demand data are measured on the transmission system and represent the net load, including behindthe-meter PV. The estimated penetration of behind-the-meter PV in 2011 in California was about 0.3% based on installed net-metered PV from CSI (2018) and total generation from CEC (2017c). Next, we extend our analysis to determine the thresholds for 4-hour storage as a function of PV penetration for all years. Figure 12 plots the results for the nine years of data, normalized to an assumed 2020 peak demand of 54 GW, using the same approach described in Section 5. Each point represents the amount of installed capacity at which the 4-hour rule begins to fail. Because the "base" load profiles include behind-the-meter PV, we shift the curves to the right by an amount equal to the estimated behind-the-meter PV penetration in that year. For example, in 2015, behind-the-meter PV provided about 1.7% of California's electricity, so we start our zero PV curve at 1.7% for that year.
21 Figure 12 shows several trends. From zero to about 5%-8% PV penetration, there is a decline in storage capacity that can receive a 100% peak demand reduction credit for all years evaluated owing to the "flattening" effect of PV shown in Figure 10 . This is illustrated in more detail in Appendix A. At about 5%-8% PV penetration, PV begins to narrow the net peak demand, and around 7%-11% the storage capacity providing 100% peak demand reduction credit has increased past its value at zero PV and continues to increase. Rapid increase from 9% to 16%
Gradual increase beyond 16% Figure 12 . Threshold values for 100% peak demand reduction credit for 4-hour energy storage in each year (all years normalized to a peak demand of 54 GW) Figure 13 plots the lowest value for each PV penetration level, or the worst case of our nine years of data (approximating a 1-in-10 planning standard). 22 These results imply that, at 11% PV penetration (roughly the level installed in California in 2017), optimally dispatched 4-hour storage could reduce the net peak demand by about 3,000 MW with full peak demand reduction credit-about the same as at zero PV penetration. We expect the amount of 4-hour storage that could receive a full peak demand reduction credit to grow with greater PV deployment. Assuming a 2020 PV penetration of 17%, California could accommodate about 7,000 MW of 4-hour storage receiving a full peak demand reduction credit, more than doubling the amount estimated in the 2016-2017 period.
23 22 The small discontinuities are due to the use of multiple years of data. They represent points where the most conservative value moves from one year to another. 23 One estimate for PV penetration in California in 2020 is about 28 GW (GTM and SEIA 2017) , leading to about an 17% penetration in 2020, assuming limited load growth. Additional analysis and data will be needed to verify these results in California and other U.S. regions. For example, PV is only now reaching penetration levels that enable use of measured output data for validation. Analysis using recent measured PV output data from California supports the trends observed in Figure 13 , as discussed in Appendix B. However, additional years of data will provide greater confidence that utilities, system planners, and regulators can rely on PV output to reduce the storage duration needed to meet peak demand.
The results in Figure 13 demonstrate one element of the potential synergy between PV and energy storage-the combined ability of these technologies to decrease the net peak demand. Without PV, 4-hour storage can only reduce the peak net demand in California by about 3 GW before the peak demand reduction credit of storage falls rapidly, reducing its value substantially. Likewise, without storage (or other demand shifting), PV can only reduce the peak net demand in California by about 4 GW (illustrated in Figure 10 ). Therefore, without considering the impacts of combining these technologies, this produces a potential peak net demand reduction of about 7 GW. However, at assumed 2020 levels of PV penetration, the potential of 4-hour storage (at 100% peak demand reduction credit) has been increased by an additional 4 GW, resulting in a greater than 50% increase in the combined ability of PV and storage to reduce peak net demand. In combination, PV increases the technical potential of energy storage to provide peaking capacity and reduces the cost of energy storage by reducing the duration needed. Storage also benefits PV by providing a mechanism to absorb otherwise low-value or curtailed PV energy and discharge it later as needed by the system (Denholm and Margolis 2016) . Together, declining costs for both technologies may create a positive feedback effect on deployment, allowing much greater overall penetration of both PV and storage . 
Discussion and Conclusions
Historically, the capacity credit of a generation resource was evaluated independently of penetration of that resource, or of other resources on the system. The introduction of variable generation resources such as PV has demonstrated the need to consider the impact of highly correlated resources on capacity credit. We find that storage has a similar challenge, with a declining contribution to resource adequacy, as measured by its ability to reduce peak demand. Based on nine years of historic load data in California, our preliminary analysis demonstrates that in our hypothetical "no PV" case, 4-hour storage can reduce peak demand at the full rated capacity of the device until the point where there are about 3 GW of installed storage capacity, assuming a 2020 peak demand of 54 GW. Beyond this point, the ability of an incremental unit of 4-hour storage to reduce peak demand would drop considerably, implying that the 4-hour rule would break down at this point, even assuming optimal storage dispatch. This idealized no-PV analysis provides a baseline for comparing our more realistic analysis of energy storage's potential in the presence of PV deployment.
Adding PV affects the technical potential of energy storage to meet peak demand in two ways, depending on the amount of PV deployed. Under conservative assumptions, when the PV penetration is lower than about 11% (on an energy basis), the potential of 4-hour storage is lower than it would be with zero PV, because that amount of PV flattens the net load shape. However, beyond about 11% PV penetration, PV creates a "peakier" net load shape that increases the potential of 4-hour storage. California already has enough PV to meet more than 11% of annual demand, so it has reached the point at which PV increases energy storage's potential. We estimate that when PV is at 17% penetration (i.e., as projected for California in 2020) the amount of storage that can provide full capacity under the 4-hour rule more than doubles compared with the no-PV case-to about 7,000 MW (equivalent to about 13% of the projected 2020 annual pre-PV peak demand). The potential of energy storage continues to increase with increasing PV penetration, although at a lower rate.
These results demonstrate a synergistic relationship between energy storage deployment and PV deployment. As PV penetration increases beyond 11%, additional PV enables the use of additional shorter-duration/lower-cost energy storage. For example, about 11,000 MW of capacity is expected to be retired in California by 2029 due to once-through-cooling requirements. Much of this capacity is peaking capacity, and our analysis implies that a large fraction of this capacity could be replaced with 4-hour storage assuming continued costreductions in storage and continued growth in PV installations (and adequate transmission). At the same time, additional energy storage can capture more otherwise-curtailed PV generation and discharge it as needed by the system, including during periods of peak demand.
Our results provide useful insights into how storage and PV interact; however, there are a number of important directions for future research. One would be to explore how our results are impacted by relaxing the assumptions of optimal storage dispatch and perfect forecasts for both load and PV generation (which are a prerequisite for optimal storage dispatch). Ongoing efforts to improve storage scheduling under uncertainty will enable improved assessment of storage's realistic ability to meet peak demand reliably (Alvarez et al. 2017) . Another area for future work would be to explore how behind-the-meter storage and PV could present additional opportunities or challenges. Existing tariff structures may not send the proper signals; thus, if behind-the-meter storage and PV are not dispatched to reduce net demand at the system level, their ability to provide resource adequacy capacity may be diminished (Sioshansi et al. 2012) . Finally, it would be helpful to understand how future load shapes are likely to evolve given increased electric vehicle deployment, increased use of demand response and energy efficiency, climate change (Auffhammer et al. 2017) , and other factors.
Figure 3 illustrated our method for determining the limits to 4-hour storage on the peak demand day in 2011 (September 6) for the zero PV case. Figure 10 showed the impact of PV on net demand on the same day. Here we show the impact of increasing levels of PV deployment on the ability of 4-hour storage to reduce the net peak demand. Figure A-1 shows this progression from zero to 20% PV in 5% increments. Each panel shows the results for two days (September 5-6, 2011), which includes the day with the highest peak demand (Sept. 6). The figures show the net demand before and after the addition of storage, and the amount of storage that can be added before the incremental peak demand reduction credit falls below 100%. The peak demand reduction threshold for 4-hour storage is 4,249 MW at zero PV, then declines to 1,937 MW at 5% PV, and increases to 4,935 MW at 10% PV, 8,462 MW at 15% PV, and 10,372 MW at 20% PV. This example, clearly illustrates how the narrowing of the peak at higher PV penetration levels is synergistic with 4-hour storage.
Zero PV. Peak demand occurs on September 6 (day 2) and is 52,540 MW. Peak demand reduction with 4-hr storage at 100% credit is 4,249 MW. Annual net peak demand is reduced to 48,292 MW. Storage is not completely utilized on day one so could have had additional charge/discharge for greater price arbitrage. 5% PV. PV generation has reduced net peak demand has been reduced to 48,940 MW. The peak shape is clipped (flattened) compared to zero PV case. Peak demand reduction of 4-hr storage at 100% credit is 1,937 MW (less than with zero PV).
10% PV. PV generation has reduced net peak demand has been reduced to 48,172 MW. Peak demand shape has been narrowed relative to previous cases. Peak demand reduction with 4-hr storage at 100% credit has increased to 4,935 MW, a small increase relative to the zero PV case. 15% PV. PV generation has reduced net peak demand has been reduced to 48,123 MW. Net demand peak now occurs during period of low solar output and incremental capacity credit of PV is approaching zero. Peak shape has been significantly narrowed. Peak demand reduction with 4-hr storage at 100% credit is 8,462 MW, or about double the zero PV case.
20% PV. PV generation has reduced net peak demand to 48,117 MW. Essentially zero incremental capacity credit of PV. The peak continues to narrow. Peak demand reduction with 4-hr storage at 100% credit is 10,372 MW. We simulated the impact of storage on net peak demand using the CAISO data in the same manner as in previous sections. We first scaled the measured PV data for the years 2014-2017 to obtain net load curves for PV penetrations from zero to 30%. Limits to this approach include the lack of spatial diversity that may result at increased levels of PV deployment, in addition to the limited number of years of data. Figure A-3 shows the results, identifying the storage capacity at which the peak demand reduction credit falls below 100% for 4-hour storage. Because we are comparing two different load data sets, results are normalized to the annual peak demand. Dashed lines show the results using California-wide simulated PV data for the two years where the data sets overlap (2014 and 2015) . As with the California-wide data, the PV penetration is an estimate, assuming the rooftop PV penetration in CAISO is the same as it is across all of California. The figure shows that results using simulated PV data are similar to those using measured data. The lines generally track, and the results using 2015 measured PV data show a lower ability of storage to reduce net peak load compared with the 2014 measured data, similar to the results using simulated PV data. 
